Little is known about how the distinct architectures of dendrites and axons are established. From a genetic screen, we isolated dendritic arbor reduction (dar) mutants with reduced dendritic arbors but normal axons of Drosophila neurons. We identified dar2, dar3, and dar6 genes as the homologs of Sec23, Sar1, and Rab1 of the secretory pathway. In both Drosophila and rodent neurons, defects in Sar1 expression preferentially affected dendritic growth, revealing evolutionarily conserved difference between dendritic and axonal development in the sensitivity to limiting membrane supply from the secretory pathway. Whereas limiting ER-to-Golgi transport resulted in decreased membrane supply from soma to dendrites, membrane supply to axons remained sustained. We also show that dendritic growth is contributed by Golgi outposts, which are found predominantly in dendrites. The distinct dependence between dendritic and axonal growth on the secretory pathway helps to establish different morphology of dendrites and axons.
INTRODUCTION
Dendrites and axons, two major compartments of neurons, exhibit a number of morphological distinctions. Little is known about how the structural differences between dendrites and axons are established. The growth of dendrites and axons likely involves coordinated cytoskeletal reorganization and membrane trafficking (Bradke and Dotti, 2000; Lecuit and Pilot, 2003) . The cytoskeleton is organized differently in dendrites and axons (Baas et al., 1988) . Furthermore, the cytoskeleton regulators RhoA (Lee et al., 2000) and MAP2 (Harada et al., 2002) preferentially control dendritic growth. It may also be important to regulate the membrane supply for dendrites and axons differently to establish their different morphology.
The secretory pathway, which includes the endoplasmic reticulum (ER), Golgi complex, and post-Golgi intermediates (van Vliet et al., 2003) , is the major source of plasma membrane. Unique to neurons is the presence of an additional satellite secretory pathway, including ER and Golgi outposts, in dendrites (Aridor et al., 2004; Gardiol et al., 1999; Horton and Ehlers, 2003) . Golgi outpost has so far not been found in axons (Horton and Ehlers, 2003) , raising the question whether the polarized distribution of Golgi in neurons plays a role in the differential development of dendrites and axons. Recent findings suggest an active role of the polarized secretory trafficking in the formation of specific compartments of the dendritic arbors (Horton et al., 2005) . Whether the secretory pathway also plays a role in distinguishing the growth of dendrites and axons is an important open question. Furthermore, whether dendritic Golgi outposts are required for dendritic growth and thus contribute to the generation of distinct dendrite and axon morphology is still unknown.
From a large-scale genetic screen that took advantage of a highly specific marker for the class IV dendritic arborization (da) neurons in Drosophila, we isolated eight complementation groups of dendritic arbor reduction (dar) mutants, which share a common phenotype of reduced dendritic arbors but normal axonal growth. Strikingly, three of the five dar genes that we have so far identified molecularly encode critical regulators of the forward secretory pathway. Mosaic analysis revealed that these genes function cell-autonomously to regulate both dendritic growth and the secretory pathway. Similar functions of Sar1 were observed in cultured mammalian neurons, corroborating the notion that dendritic and axonal growth exhibit distinct sensitivity to changes in ER-to-Golgi transport. We further show that such distinct sensitivity involves preferential reduction of membrane transport from soma to dendrites upon global reduction in ER-to-Golgi transport and requirement of Golgi outposts for dendritic growth.
RESULTS

Dendritic and Axonal Growth Exhibit Distinct Sensitivity to the Reduction of ER-to-Golgi Transport in da Neurons In Vivo
We recently carried out a genetic screen to identify mutants with defects in dendritic and/or axonal development (Grueber et al., 2007) by taking advantage of the highly specific marker for the class IV da neurons in Drosophila peripheral nervous system (PNS), pickpocket-EGFP (ppk-EGFP; Grueber et al., 2003) . These neurons resemble mammalian neurons in morphological and cell biological features, such as multipolar morphology and the tapering of dendrites but not axons, making them a suitable model to study the differential development of dendrite and axon.
From 3299 3 rd chromosomes carrying lethal mutations, we isolated 12 mutants that showed defects in dendritic but not axonal growth ( Figure 1A ). These 12 mutants fell into eight complementation groups, which we named dar 1-8 (Table 1) . Through genetic mapping and molecular characterization, we identified three dar genes, namely dar2, dar3, and dar6, as the Drosophila homologs of Sec23, Sar1, and Rab1, respectively (Figures S1 and S2; Supplemental Experimental Procedures), all of which are critical regulators of ER-to-Golgi transport mediated by the COPII vesicles (Lee et al., 2004) . Defects in the functions of Sar1 (Zaal et al., 1999) , Rab1 (Wilson et al., 1994 ), or Sec23 (Morin-Ganet et al., 2000 result in dispersion of Golgi complexes. We focused on Sar1/Dar3 in subsequent studies because Sar1 is the primary component that initiates the formation of COPII-coated vesicles for forward trafficking from ER to Golgi. We examined dar3 functions in da neurons by mosaic analysis with a repressible cell marker (MARCM; Lee and Luo, 1999) . We incorporated a Golgi marker, a-mannosidase II-EGFP (ManII-EGFP; Velasco et al., 1993) , into this analysis in addition to the membrane marker mouse CD8-dsRed (mCD8-dsRed) for marking neuron morphology. We refer to this assay as Golgi-MARCM.
The Golgi-MARCM analysis revealed that class IV da neurons with defective dar3 exhibited reduced dendritic arbors ( Figure 1B ), demonstrating that dar3 gene is cellautonomously required for dendritic growth. The class IV neuron ddaC normally had a total dendrite length of 10,016 ± 633 mm (n = 3; data represent mean ± standard error of means in this paper). The total dendritic length of dar3 mutant neurons was reduced to 1488 ± 171 mm (n = 3), only 14.9% of control ( Figure 1E ).
In contrast to the dramatic reduction in dendritic growth, the axonal growth appeared normal except for subtle changes in the terminals. As the animal increases from $0.5 to $4 mm in length from embryonic to 3 rd instar larval stages, the axons of da neurons extend in proportion between the body wall and the ventral nerve cord (VNC), where short terminal projections form a simple arbor (Grueber et al., 2007) . From early 1 st instar stage (24 hr after egg laying, AEL) to late 3 rd instar stage (112 hr AEL) the axons of the ddaC neurons in abdominal segment 5 (A5) grew from 384 ± 41 to 2151 ± 64 mm (Figure 1D ). During this period of extensive axonal growth, the axons of dar3-deficient ddaC neurons not only grew into the VNC but also formed projections that were comparable to those of wild-type neurons except that the short fibers which resemble filopodia were often missing ( Figure 1C ). In VNC, the ddaC (segments A3-A5) terminal projection contains one anterior, one contra-lateral, and, in some cases, one posterior branch ( Figure 1C) . Several (7.5 ± 0.7, n = 4) short and fine fibers, resembling filopodia, originate from these terminal branches. The average total length of axonal terminals of dar3 mutant ddaC neurons (44.3 ± 5.5 mm, n = 7), excluding the filopodiumlike fibers, was comparable to that of wild-type ddaC neurons (45.8 ± 7.0 mm, n = 4, p > 0.05; Figure 1F ). The filopodium-like fibers, with a total length of 24.8 ± 3.5 mm (n = 4), comprise only a small fraction of total axonal length (1.2%). In contrast to this minor reduction in filopodium-like structures at the axonal endings, the reduction of dendritic arbors in dar3 mutant neurons by 8528 mm, which is 85.1% of the total dendritic length ( Figure 1E ), was much greater in extent.
Our Golgi-MARCM experiment also showed that discrete Golgi structures in the soma were replaced by diffuse distribution of the marker ManII-EGFP in dar3 mutant neurons ( Figure 1B) . Similarly, discrete, bright, and round/ oval-shaped Golgi outposts in dendrites, labeled by ManII-EGFP, were replaced by weak and diffuse signal in neurons with defective dar3 ( Figure 1G ). The diffuse signal covered a greater area than Golgi outposts (3.09 ± 0.62 mm 2 versus 0.84 ± 0.06 mm 2 in wild-type neurons, p < 0.001; Figure 1H ), and took on irregular shape with an average circularity of 0.45 ± 0.04, unlike Golgi outposts which normally have an average circularity of 0.71 ± 0.03 (p < 0.001; Figure 1I ). Therefore, Sar1 is required for normal morphology of both somatic Golgi and dendritic Golgi outposts.
Dendritic and Axonal Growth Exhibit Distinct
Sensitivity to the Reduction of ER-to-Golgi Transport in Cultured Hippocampal Neurons In most neurons, the initiation of axonal growth precedes that of dendrites. One potential cause of the observed ''dar'' phenotype is that the maternally contributed Dar proteins in the embryos rescued defects in axonal growth but were insufficient to rescue dendritic growth. We eliminated maternal contribution by generating mosaic clones defective of dar3 or dar6 in germline cells but found that females with such mutant germline cells were sterile, thus precluding us from examining the dendrite phenotype of germline clones.
To test whether temporal differences between dendritic and axonal growth account for the ''dar'' phenotype, we need to alter dar gene function when both dendrites and axons actively grow. In the MARCM experiments described above, the da neurons were born during early embryogenesis and imaged several days later in 3 rd instar larvae. During this period, both dendrites and axons (E) Quantitation of total dendritic length of wild-type (WT) and dar3 mutant ddaC neurons. The dendritic arbors of wild-type neurons that were quantified here did not include the fine branches close to the segment borders for the convenience of image collection. ''*,'' ''**,'' and ''***'' indicate p < 0.05, 0.01, and 0.001, respectively, in this paper. Student's t test was used in this paper unless otherwise specified. grow extensively ( Figure 1D ). Despite the dramatic reduction in the dendrite length, these dar3-defective class IV da neurons had normal total axon length. These results suggest that dendritic and axonal growth indeed exhibit different dependence on the dar3 gene. Another system in which the function of dar genes could be altered when both dendrites and axons actively grow is the hippocampal neuronal culture. Although the initiation of axonal growth is also earlier than dendrites, there is an extensive period in which both axons and dendrites actively grow after 2 days in vitro (DIV; Dotti et al., 1988) . In our system, dendritic length increased by 194.4 mm, and axonal length increased by 2939.9 mm from 2 (n = 19) to 7 DIV (n = 47; Figure 2A ). To interfere with ER-to-Golgi transport, we generated small interfering RNAs that specifically and effectively knocked down the expression of Sar1 (Sar1-siRNA; Figure S3 ). After introduction into cultured neurons at 2 DIV, Sar1-siRNA reduced endogenous Sar1 protein level to 42% at 5 DIV compared to control neurons. Knockdown of Sar1 also caused dispersion of Golgi complex in cultured neurons ( Figure 2B ), consistent with findings from nonneuronal cells (Ward et al., 2001) .
Reducing Sar1 protein level in hippocampal neurons dramatically decreased the total length of dendrites but not axons as revealed by double-blind analysis ( Figures  2C and 2D ). At 5 DIV, total dendritic length of control and Sar1-siRNA-transfected neurons were 185.6 ± 15.0 mm and 109.7 ± 11.7 mm, respectively (p < 0.01, ANOVA), while total axonal length were 861.3 ± 60.1 mm (n = 37) and 964.7 ± 86.0 mm (n = 15; p > 0.05, ANOVA), respectively. A siRNA-resistant Sar1a construct (Sar1a R ) rescued the dendrite and Golgi defects (Figures 2B-2D and S3; dendrite length = 203.1 ± 16.8 mm, p > 0.05; axon length = 880.8 ± 67.9 mm, p > 0.05, ANOVA), suggesting the siRNA knockdown was specific. Comparison of dendrite and axon length between control and Sar1-siRNA-expressing neurons at 3, 4, 5, and 6 DIV revealed that dendrites ceased to extend following knockdown of Sar1 ( Figure 2E ), while axons continued to grow normally ( Figure 2F ). Thus, reducing Sar1 expression in hippocampal neurons significantly reduced dendrite length but not axon length, revealing different dependence of dendritic and axonal growth on the secretory pathway in mammalian neurons as in Drosophila neurons.
Supply of Membrane Labeled by mCD8-GFP Was Adjusted Unequally between Dendrites and Axons in Response to Perturbation of Secretory Pathway Function
To test how the membrane supply to dendrites and axons may be adjusted upon reducing the activity of secretory pathway, we employed fluorescence recovery after photobleaching (FRAP) analysis in rat hippocampal neurons and examined the effects of Sar1-siRNA. FRAP monitors the traffic of molecules into a selected area that has previously been photobleached . To examine membrane supply from soma to dendrites and axons, including both intracellular vesicle transport and lateral diffusion of plasma membrane, we marked membrane with the fluorescent transmembrane protein mCD8-EGFP. Photobleaching of the EGFP signal was carried out for the entire dendritic and axonal arbors but not the soma. The fluorescence recovery in dendrites and axons, due to supply from the soma, was monitored immediately following photobleaching over a 15 min period. We sampled fluorescence recovery at proximal dendrites and axons (5 mm away from the soma) as an indicator of the amount of membrane passing through this segment as well as the limited amount of membrane being added to this segment ( Figure 3A ). Control neurons exhibited comparable rate and extent of fluorescence recovery in dendrites and axons ( Figure 3B ). However, Sar1-siRNA significantly reduced the delivery of fluorescent membrane proteins from soma to dendrites without affecting the supply to axons ( Figure 3B ), as evident from quantitation of the maximal percentage of recovery (control dendrites: 27.0 ± 1.7; Sar1-siRNA dendrites: 18.6 ± 2.0; p < 0.01, t test; control axons: 26.5 ± 2.7; Sar1-siRNA axons: 25.7 ± 4.6; p > 0.05) and the time constant (control dendrites: 129.7 ± 13.4 s; Sar1-siRNA dendrites: 185.6 ± 25.5 s; p < 0.05, t test; control axons: 118.6 ± 22.1 s; Sar1-siRNA axons: 113.1 ± 26.6 s; p > 0.05; Figure 3C ). These results suggest that the membrane supply from soma to dendrites and axons, at least that labeled by mCD8-GFP, is regulated in an unequal way upon reduction in secretory pathway activity.
Directional Movements of Dendritic Golgi Outposts Correlate with the Extension and Retraction of Dendritic Branches
The secretory pathway in neurons contains not only ER and Golgi in the soma, but also a satellite secretory pathway in dendrites (Gardiol et al., 1999; Horton and Ehlers, 2003; Pierce et al., 2001) . Given the enrichment of Golgi outposts in dendrites over axons in mammalian neurons (Horton and Ehlers, 2003) , we explored the possibility that Golgi outposts contribute to dendritic growth. In class 
a TBD: to be determined. IV da neurons, Golgi outposts appeared as punctate structures in both major and fine terminal dendritic branches but rarely in the axons ( Figures 4A and 4C ). They were often enriched at dendritic branching points; while the primary dendrites contained 10.34 ± 1.34 (n = 13) Golgi outposts per 100 mm, the proximal 100 mm of the axon contained only 1.00 ± 0.32 (n = 5; Figure 4B ).
To characterize the involvement of Golgi outposts in dendritic growth, we monitored the behavior of Golgi outposts during branch extension and retraction by timelapse imaging in live Drosophila larvae. We found a strong correlation between Golgi outpost dynamics and dendritic branch dynamics. Specifically, a branch either extended or remained stable after the Golgi outposts moved distally or appeared de novo within the branch (Figures 4C and 4D) (extension: 32.4%; stable: 67.6%; retraction: 0%; n = 34), while the majority of the branches retracted after the Golgi outpost moved proximally or disappeared (Figures 4C and 4D ; extension: 5.9%; stable: 23.5%; retraction: 70.6%; n = 17). An interesting implication of this finding is that dendritic Golgi outposts could contribute to the supply of the membrane needed for branch growth in their vicinity. Outposts move distally or proximally prior to the extension or retraction of the dendritic branches, serving as a mobile station for membrane traffic.
Dendritic Golgi Outposts Are Important for the Dynamics of Dendritic Branches
To test whether the function of Golgi outposts is required for dendritic growth, we attempted to damage Golgi outposts with laser. Terminal branches of class IV da neurons are highly dynamic. In 3 rd instar larvae, 20.8% ± 5.9% branches showed extension (>0.5 mm) and 41.7% ± 7.1% branches showed retraction (>0.5 mm) over a period of just 5 min (n = 48; Figures 5B and 5C ). After Golgi outposts labeled by b-1,4-galactosyltransferase:EYFP (GalT-EYFP) were focally illuminated by intense laser, most of the branches did not extend or retract (percentage of branches that extended = 5.0% ± 4.9%, percentage of branches that retracted = 5.0% ± 4.9%, n = 20). To confirm that the reduction of branch dynamics resulted from damage to Golgi outposts, we illuminated dendritic regions lacking a Golgi outpost (extension: 22.6% ± 7.5%; retraction: 38.7% ± 8.8%; n = 31), regions labeled by actin-GFP (extension: 30.0% ± 10.3%; retraction: 25.0% ± 9.7%; n = 20), or mito-GFP (a mitochondria marker; Cox and Spradling, 2003) (extension: 23.8% ± 9.3%; retraction: 23.8% ± 9.3%; n = 21), with the same laser energy used in damaging Golgi outposts ( Figure 5A ). Neither the extension nor the retraction of dendritic branches showed significant change after any of these control illuminations compared to dendrites without laser illumination (p > 0.05; Figures 5B and 5C ). Despite the nature and extent of laser damages to Golgi outposts remaining unclear, Golgi outposts appeared to be the most sensitive locations for affecting dendritic branch dynamics among all the targets tested. We thus conclude that dendritic Golgi outposts are important for the extension and retraction of dendritic branches.
Redistribution of Dendritic Golgi Outposts Correlates with Morphological Changes of Dendritic Arbors
To further test whether Golgi outposts are critical for dendritic growth, we examined the effect of redistributing Golgi outposts. The positioning of Golgi complex involves several molecular motors, among which dynein has the major role (Allan et al., 2002) . The cargo specificity of dynein relies on the dynactin complex (Schroer, 2004) . In Drosophila, Lava lamp (Lva) mediates the interactions between Golgi and the dynein/dynactin complex (Papoulas et al., 2005) .
We found that Lva protein was expressed in da neurons and was located juxtaposed to ManII-EGFP, which labels the medial/trans-Golgi ( Figure S4 ). We reasoned that blocking the function of Lva could impair the transport and thus change the distribution of Golgi outposts in da neurons. We took two different approaches to test this. First, we expressed a dominant-negative form of Lva (Lva DN ) in class IV da neurons to disrupt Lva-dynactin interaction. Lva DN is a coiled-coil portion of Lva that binds the dynactin complex and has been shown to interfere with dynein-based movement of Golgi during cellularization (Papoulas et al., 2005) . Second, we knocked down Lva expression using inducible RNAi. To achieve RNAi-mediated knockdown, we generated two transgenic lines that expressed inverted repeats, each targeting a distinct part of the lva mRNA (UAS-Lva-RNAi 1 and UAS-Lva-RNAi 2 ; see Supplemental Experimental Procedures), and tested an additional line from the Vienna Drosophila RNAi center (VDRC). All three lines showed similar phenotypes.
When expressed in class IV da neurons, both Lva DN and Figures 6D and S5) .
Parallel to the redistribution of Golgi outposts, there were changes in dendritic branches in the Lva DN -and Lva-RNAi 1 -expressing neurons ( Figure 6E ). In both Lva DN -and Lva-RNAi 1 -expressing neurons, the number of dendritic branches in distal dendrites was dramatically reduced, while that in proximal dendrites was increased in Lva DN -expressing neurons and decreased in Lva-RNAi 1 -expressing neurons. Alterations in dendritic growth were quantified by the Sholl analysis (Sholl, 1953;  Figure 6F ), which determines the number of intersections between dendritic branches and circles centered at the soma. The number of intersections between distal dendrites and a 180 mm radius circle was 48.5 ± 3.7 in control (n = 4), 17.0 ± 4.3 in Lva DN (n = 4; p < 0.05), and 25.5 ± 1.4
in Lva-RNAi 1 (n = 4; p < 0.01; Figure 6G ). The number of intersections between proximal dendrites and an 80 mm radius circle was 28.5 ± 3.3 in control (n = 4), 39.0 ± 1.4 in Lva DN (n = 4; p < 0.01), and 9.0 ± 1.2 in Lva-RNAi 1 (n = 4; p < 0.01; Figure 6H ). As a result, total dendritic length was reduced in both Lva DN -and Lva-RNAiexpressing neurons (control: 12,600 ± 810 mm; Lva DN :
7964 ± 452 mm, p < 0.01; Lva-RNAi: 5828 ± 351 mm, p < 0.001; Figure 6I ). Similar results were obtained with UAS-Lva-RNAi 2 , which targets a distinct region of lva mRNA, and the VDRC line, confirming the specificity of the RNAi effects (data not shown). Thus, the effects of Lva DN and Lva-RNAi on dendritic branching (Figures 6G and 6H) correlated very well with the effects on Golgi outpost redistribution ( Figures 6B and 6C) . Interestingly, numerous Golgi outposts were also found in proximal axons of neurons expressing Lva DN ( Figure 6J ).
Parallel to this, exuberant branching was observed in the proximal segment of the axons but not in the middle and distal segments. These branches are likely axons rather than ectopic dendrites because the dendritic marker, Nod:bGalactosidase (Nod:bGal; Clark et al., 1997) , was absent from these branches ( Figure S6 ). We also examined the distal axonal projection pattern and found that the axons in Lva DN -expressing neurons reached the VNC and formed normal projection patterns (data not shown).
Taken together with the correlation between dendritic growth dynamics and Golgi outpost movement and the impaired dendritic branch dynamics caused by laserdamaging of Golgi outposts, these results underscore the importance of these components of dendritic satellite secretory pathway in dendritic growth.
DISCUSSION
In the present study, we demonstrated that growing dendrites and axons display different sensitivity to changes in the activity of the secretory pathway. Our findings add to the accumulating evidence that the secretory pathway is involved in cell polarity and provide some of the first evidence of the importance of the satellite secretory pathway in dendrite development.
Roles of the Secretory Pathway in Cell Polarity
The secretory pathway is important for cell polarity. For example, during the cellularization of Drosophila embryos, membrane growth is tightly controlled in a polarized fashion (Lecuit and Wieschaus, 2000) . New membrane produced through the secretory pathway is predominantly added to the apical side early in polarization and to the lateral side at later stages. Other examples of targeted membrane transport during cell polarization include the apicalbasolateral polarization of Madin-Darby canine kidney epithelial cells (Simons and Fuller, 1985) , cell cycle of the budding yeast (Finger et al., 1998) , and cell migration (Kupfer et al., 1982) . Thus, membrane trafficking is tightly controlled in order to supply membrane to specific subcellular compartments of polarized cells. The establishment of dendritic and axonal arbors is a major compartmentalization process of neurons. Before dendrites and axons are formed, selective delivery of post-Golgi vesicles to one neurite precedes the specification of that neurite as the axon (Bradke and Dotti, 1997) . After axon specification, large amount of plasma membrane is added to these two compartments with distinct architecture. Whether the secretory pathway is involved in the differential growth of dendrites and axons is an important but poorly understood question. Horton et al. (2005) found that blockade of post-Golgi trafficking through dominant-negative protein kinase D1 (PKD-KD) expression causes a preferential reduction in dendritic growth. Although this result may appear similar to our results from manipulation of Sar1 function, there is in fact an important difference. PKD is required for cargo trafficking to the basolateral, but not the apical, membrane in epithelial cells (Yeaman et al., 2004) . Since the targeting of dendritic proteins shares some of the mechanisms of the basolateral protein transport in epithelial cells (Dotti and Simons, 1990) , PKD-KD may only affect dendrite-specific cargo transport. In this study, we assessed how membrane resource is allocated between growing dendrites and axons when global membrane production is limited. It is possible that the efficiency of dendrite-and axonspecific transport, including those mediated by PKD, changes differently in response to global restriction of membrane resource.
Distinct Membrane Dynamics in Growing Dendrites and Axons
The plasma membrane of cells can be inserted via exocytosis and internalized through endocytosis. The expansion of plasma membrane in growing dendrites and axons is achieved through the interplay between these two antagonistic processes. Before dendrites are formed in cultured hippocampal neurons, membrane is selectively added to the growth cone of growing axons as well as minor neurites that will later become dendrites (Craig et al., 1995) . In more mature neurons, there is insertion of new membrane to the axonal growth cone but not to the dendritic growth cone (Craig et al., 1995) . This raises the possibility that plasma membrane is added to either multiple sites along the dendritic surface or throughout the dendritic surface. It is conceivable that dendritic Golgi outposts play a role in such membrane addition given their requirement for dendritic growth as shown in this study.
It has been reported that plasma membrane of cultured hippocampal neurons is internalized throughout the dendrites but only in the presynaptic terminals in axons (Parton et al., 1992) . Parton et al. also found that essentially all internalized structures, from both dendritic and axonal surface, move in the retrograde direction to the soma. We compared the rate of membrane removal from dendritic and axonal surfaces and found that, consistent with Parton et al. (1992) , endocytosis is more prominent in dendrites than in axons ( Figure S8 ). The plasma membrane of dendrites was endocytosed 8.27 ± 1.79 (n = 3) times faster than that of axons at 3 DIV. Thus, the demand for membrane supply to dendrites is likely greater than what appears based on the length of dendrites.
The difference in the ways that membrane is supplied to growing dendrites and axons is poorly understood. Notwithstanding much progress made on dendritic traffic of the temperature-sensitive mutant of the vesicular stomatitis virus glycoprotein (VSVG) fused to GFP (Horton and Ehlers, 2003; Horton et al., 2005) , the preferential targeting of VSVG to dendrites (Dotti and Simons, 1990 ) precludes its application for comparing dendritic and axonal membrane dynamics. In this work, we compared the membrane supply from soma to dendrites and axons using the FRAP analysis. We sampled fluorescence recovery in the dendritic and axonal segment 5 mm away from the soma as an indicator of the amount of the membrane passing though this segment. The sampling approach was taken because even with moderate magnification (203) only a fraction of the arbors could be included in the imaging field, precluding the monitoring of fluorescence recovery along the entire dendritic and axonal arbor. This FRAP analysis revealed that, when the secretory pathway function is limiting, membrane supply from soma to growing dendrites is preferentially affected.
Notably, the secretory pathway with reduced activity could still provide sufficient membrane to support axonal growth (at least during the period described in this study). It is possible that there are mechanisms involving postGolgi carriers to allocate different amount of membrane to dendrites and axons. Alternatively, endocytosed dendritic membrane can also support axonal growth via the transcytosis pathway (von Bartheld, 2004) . Lastly, trafficking that bypasses COPII-based ER-to-Golgi transport (Hasdemir et al., 2005) , although not widely observed, might also contribute to axonal growth.
Function of Dendritic Golgi Outposts in Dendritic Growth
The finding that Golgi outposts are present in dendrites has generated great interest in the function of these structures. Two main functions have been proposed for Golgi outposts. One hypothesis is that they are involved in local protein translation (Steward and Schuman, 2003) . This is supported by the presence of protein synthesis machinery in the dendrites (Steward and Levy, 1982; Steward and Reeves, 1988) and findings of local translation of membrane proteins in dendrites (Eberwine et al., 2001; RaabGraham et al., 2006) . Recently, Horton et al. (2005) suggest that Golgi outposts, together with somatic Golgi complex, participate in forming the apical dendrites of pyramidal neurons.
In this study, we monitored the dynamics of Golgi outposts in intact neurons of live Drosophila larvae and observed that the direction of outpost movement correlates with dendrite branch dynamics. This suggests that Golgi outposts are probably involved in both the extension and retraction of a dendritic branch. Indeed, laser damaging of the outposts in a branch reduced branch dynamics, making the dendrite excessively stable; this will lead to retarded growth during the expansion of dendritic arbors. It should be noted that, in our laser damaging experiments, the nature and extent of damages to Golgi outposts are unclear. It is indeed technically challenging to manipulate organelle function in a small, localized subcellular region. We consider the laser damaging experiment one of the first attempts of such manipulations. Although we can conclude that Golgi outposts are the most sensitive locations for affecting dendritic branch dynamics among the various target locations, alternative approaches are needed to test the function of Golgi outposts. In the present study, we complemented the laser damaging experiment with genetic manipulations to redistribute Golgi outposts. We found that dendritic branching patterns changed with the redistribution of Golgi outposts by Lva DN and Lva-RNAi. A high level of Lva DN expression led to the strongest defect in Golgi outpost distribution and dendritic branching pattern ( Figure S7 ). Although it is difficult to rule out the contribution of nonspecific effects of Lva DN , there is very good correlation between the distribution of Golgi outposts and that of dendritic branches in neurons with varying extent of disruption of Lva function. These findings underscore the importance of Golgi outposts in dendritic growth. It remains unclear how Golgi outposts are produced, transported to dendrites, and largely excluded from axons. Our results on Lva suggest that they are probably produced in the soma and transported to dendrites. The presence of Golgi outposts in axons of Lva DN -expressing neurons suggests that they might be actively transported out of axons under normal condition. The absence of Golgi outposts and exuberant branches in the proximal axons of neurons expressing Lva-RNAi is likely due to partial interference of Lva function, as a similar phenotype was seen in neurons expressing a low level of Lva DN ( Figure S7 ).
The increase in the size of Golgi outposts and dendritic branches in neurons expressing a high level of Lva DN possibly reflects the requirement of Lva-dynactin interaction for the budding of Golgi outposts, a phenomenon that we have observed (data not shown).
Although it is difficult to rule out the presence of outposts that are below the detection sensitivity in this study, axonal Golgi outposts, if any, must be dramatically smaller and/or fewer than dendritic outposts. Therefore, the requirement of Golgi outposts for dendritic growth provides a mechanism to differentially control dendrite and axon growth.
The Secretory Pathway Is Possibly under Regulation to Control Dendritic Growth
The distinct dependence of dendrites and axons on the secretory pathway, as well as the involvement of Golgi outposts for local dendritic dynamics, raise the possibility that the secretory pathway may be regulated to influence the elaboration of dendrites. Such regulation might involve both genetic programs for specifying intrinsic differences in dendritic patterning of different neurons and activitydependent modifications of dendritic arbors.
Several molecules are known to be specifically involved in dendritic, but not axonal, growth. Some of these molecules function in a neural activity-dependent fashion, such as the calcium/calmodulin-dependent protein kinase IIa (CaMKIIa), the transcription factor NeuroD (Gaudilliere et al., 2004) , and the Ca 2+ -induced transcriptional activator CREST (Aizawa et al., 2004) , while others are neural activity independent, such as bone morphogenetic protein 7 (BMP-7; Lein et al., 1995) and Dasm1 (Shi et al., 2004 ). It will be important to find out whether the secretory pathway contributes to their regulation of dendritic growth.
In summary, we have demonstrated that dendritic and axonal growth exhibit different sensitivity to changes in membrane supply from the secretory pathway. Our findings raise a number of questions regarding membrane trafficking in dendrite and axon development. Answers to these questions will provide cell biological basis for understanding how the tremendous diversity of neuron morphology is achieved during development and how the changes in morphology happen in pathological conditions.
EXPERIMENTAL PROCEDURES Genetic Screen for dar Mutants
The procedure for establishing mutagenized Drosophila lines and imaging of fly embryos for da neuron dendrites and axons are described in Grueber et al. (2007) in detail.
Golgi-MARCM
To image neuron morphology and Golgi structure in the same neuron using MARCM analysis, we crossed hs-flippase; UAS-mCD8-dsRed; FRT 82B tubulin-Gal80 flies with either GAL4 Mosaic clones were generated as described previously (Ye et al., 2004) and examined either by live imaging or staining with rat anti-mCD8 (for neuron morphology), chicken anti-GFP (for Golgi complex), and goat anti-HRP crosslinked to Cy5 (for the morphology of the entire PNS).
FRAP
Cultured neurons were transfected with pCDNA3 or Sar1-siRNAs together with mCD8-EGFP and mCherry (Shaner et al., 2004) at 2 DIV and used for FRAP experiments at 5 or 6 DIV. The neurons were maintained in HEPES-based artificial cerebrospinal fluid (ACSF) at 35 C during experiment. FRAP was carried out with a Zeiss LSM510 confocal system with a 203 lens. EGFP signal in dendrites and axons, but not the soma, was photobleached by applying a 488 nm laser (66% of full power; 30 mW) for 6.4 msec per pixel with 150-180 iterations. Immediately after photobleaching, images of EGFP-fluorescence were acquired every 30 s. Intensity of EGFP signal in dendrites and axons was measured at a point 5 mm away from the soma with ImageJ software, and the background was subtracted. Only neurites with more than 80% bleaching were used for quantitation. Percent recovery at time point t (R t ) was calculated as (I t À I 0 ) 3 100/(I i À I 0 ), where I t , I 0 , and I i are the fluorescence intensity at time point t, immediately after photobleaching and before bleaching, respectively. The recovery time course was fit with the following equation by the OriginPro software (OriginLab Co., Northampton, MA): R t = RN 3 (1 À e Àt/t ), where R t is the percentage recovery, RN is the maximal recovery, t is time in seconds, and t is the time constant.
Live Imaging of Dendritic Golgi Outposts
To study the correlation between Golgi outpost movement and dendritic branch dynamics, 3rd instar larvae were mounted in halocarbon oil and imaged with a Zeiss LSM510 confocal system. Images were taken every 30 min for 2-6 hr. The larvae were released to a grape juice agar plate between imaging sessions. We followed the movement of Golgi outposts labeled by GalT-EYFP between the tip of a terminal branch and the branch point. When no outpost is present in the branch, we followed the outpost closest to the branch point. The movement of Golgi outposts was counted if one of the outposts moved in or away from a branch, regardless of the presence of remaining stable outposts in the branch. A dendritic branch was considered stable if its length did not change for more than 0.5 mm since our measurement error was within 0.5 mm.
Laser Damaging of Dendritic Golgi Outposts
Early 3 rd instar larvae were used for laser damaging of dendritic Golgi outposts. For efficient damaging of Golgi outposts, terminal branches that contained one or two Golgi outposts were selected. The power of 488 nm laser was set at 15 mW. After laser illumination, the larvae were transferred to a grape juice agar plate before being mounted again for imaging 5 min later. Images of the same dendritic region were taken before, immediately after, and 5 min after illumination. Laser damaging substantially reduced or eliminated GalT-EYFP, actin-GFP, or mito-GFP signal in every experiment. The length of dendritic branch immediately after illumination and 5 min after illumination was measured. The statistical analysis of laser damaging data was carried out according to standard methods for analyzing nominal variables (Glantz, 2005) . Briefly, standard error s was calculated as [r (1 À r)/n] 1/2 , where r is the percentage of extended or retracted branches and n is the total number of branches. To test for the difference between two nominal data sets, a value of z was calculated by the equation z = (r 1 À r 2 )/ [r 1 (1 À r 1 )/n 1 + r 2 (1 À r 2 )/n 2 ] 1/2 , where r 1 and r 2 are the percentage of extended or retracted branches of the two experimental groups to be compared and n 1 and n 2 are the total number of branches of the two groups. The probability (p) corresponding to the z value was then obtained from the standard normal distribution table.
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